Finite-time growth of perturbations in the presence of moist physics (specifically, precipitation) is investigated using singular vectors (SVs) in the context of a primitive equation regional model. Two difficulties appear in the explicit consideration of the effect of moist physics when studying such optimal growth. First, the tangentlinear description of moist physics may not be as straightforward and accurate as for dry-adiabatic processes; second, because of the consideration of moisture, the design of an appropriate measure of growth (i.e., norm) is subject to even more ambiguity than in the dry situation.
Introduction
The growth rates of small perturbations in a forecast model depend, in general, not only on dry advective dynamics, but also on the interactions between advective dynamics and moist processes such as condensation, evaporation, and moist convection. Through these interactions, rapid error growth associated with moist convection (see, e.g., Emanuel 1994) may influence and enhance the growth of perturbations originating from dynamical instabilities of atmospheric flow. As a consequence, the consideration of moist processes repre-sents an important aspect in studies of forecast error growth, mainly because their inclusion must be expected to lead to (greatly) accelerated growth of perturbations when compared to the situation where moist processes are excluded.
The investigation of the potential for growth of small errors superimposed on certain atmospheric flows is the prime subject of atmospheric predictability studies (Lorenz 1982; Thompson 1985; Leith 1983) , as well as of studies of the stability properties of atmospheric flows (Farrell 1990; Molteni and Palmer 1993; Yoden and Nomura 1993; Farrell and Ioannou 1996a,b) . If small errors amplify in model forecasts, then a predictability limit exists for the prediction of the flow in view of unavoidable inaccuracies in the specification of the state at any given time. Further, in that situation, the chosen reference state must be considered to be unstable with respect to small perturbations. The classic theoretical investigation of the stability properties of atmospheric flows considers the stability of the normal modes of the linear system obtained by linearizing the nonlinear governing equations about stationary, and usually considerably simplified, states of interest. Under the assumption of the validity of the linearized perturbation equations, the existence of exponentially unstable normal modes is then taken as an indication of instability of the flow.
A standard procedure for assessing error growth rates in atmospheric predictability studies consists of computing the (average) rate of divergence of two initially close atmospheric states. Such computations may be carried out by integrating in time a numerical weather prediction (NWP) model starting from two states that differ only by a small perturbation. Atmospheric NWP models possess the property that such integrations result, after a period of 10 or more days, in two states that are no more similar than two atmospheric states observed at two randomly selected times. This average divergence of initially close model trajectories is clearly not a model artifact, but rather a consequence of inherent atmospheric instabilities, as well as of the nonlinear nature of atmospheric dynamics. Recent investigations with state-of-the-art NWP models place the time over which small errors double in the atmosphere at approximately 1.5-2 days (e.g., Simmons et al. 1995) .
This error-doubling time has been assessed with the operational NWP model of the European Centre for Medium-Range Weather Forecasts (ECMWF) that includes a number of moisture-related atmospheric processes (e.g., Ritchie et al. 1995) . Most other similar predictability studies have also employed such moist models in investigating the error-growth rates in the atmosphere. In assessing error growth it is clearly necessary to agree on a quantitative measure for the magnitude of the difference between two given model states (i.e., the specification of a norm is required). In addition to dependence on a norm, the rate at which two model solutions are diverging is dependent on the structure (and size) of the initial perturbation. Stated differently, the average growth rate of errors may be thought of as the combined effect of growth and decay of a full spectrum of structures, some of which grow much more rapidly, while others grow slower or may even decay.
In view of the central importance of atmospheric error-growth rates for both atmospheric predictability and stability, the present study will concentrate on addressing the following questions related to the leading part of the spectrum of growing structures. (i) What is the impact of the norm specification on the fastest-growing perturbations in the presence of moist processes? For example, to what extent is it important whether moist contributions are explicitly accounted for in the norm? (ii) What is the impact of moist physical processes on structures and growth rates of the leading perturbations?
For example, what is the quantitative impact on growth rates due to actually including moist processes (e.g., full consideration of moisture in both model and reference state in contrast to only including moisture through the interactions of a dry tangent-linear model with a moist reference state)? Clearly, the answers to these questions will depend, to some extent, on the nature of the moist process parameterizations included in the model. For example, inclusion of explicit moist convection might lead to much larger growth than just the inclusion of large-scale condensation.
The maximum possible error growth over a finitetime interval may, for a given atmospheric situation, be assessed by solving a nonlinear optimization problem in which fully nonlinear error evolution is considered. If, however, attention is restricted to tangent-linear error growth (see section 2), computational demands become manageable even for state-of-the-art NWP models since then the result of this optimization problem can be determined in closed form through the solution of an eigenproblem. Most of the studies carried out so far with the purpose of assessing maximum possible error growth have been restricted to such a tangent-linear context (as an exception, see, e.g., , in which the resulting fastest-growing structures are now commonly referred to as singular vectors (SVs). It was pointed out above that it is necessary to know all (or most) of the full spectrum of doubling times of perturbations (in addition to knowledge about the projection of an initial perturbation on these structures) in order to be able to make general statements about atmospheric predictability. Nevertheless, it is important initially to study more extensively the very leading portion of these spectra with regard to the above two questions. This importance is also emphasized by the fact that the majority of investigations and applications of finite-time optimal growth have so far utilized models with dry physics only (e.g., Barkmeijer et al. 1993; Buizza et al. 1993; Buizza and Palmer 1995; Farrell 1990; Ehrendorfer and Errico 1995; Gelaro et al. 1998; exceptions are, e.g., Ehrendorfer et al. 1996; Buizza et al. 1996; Mahfouf et al. 1996) . Also, these questions seem important in view of the desire to generalize normal-modebased atmospheric stability analysis through the consideration of SVs. In this context, SVs basically allow for a more detailed analysis in the situation of nonorthogonal normal modes and/or time-dependent reference states (Farrell and Ioannou 1996a,b) . Further, the properties of the leading SVs (e.g., with regard to their relation to analysis errors) are of primary importance in the design of reduced-cost (sub) optimal data assimilation schemes, as they potentially allow for an efficient reduction of the dimension of the model state space.
The primary objective of this paper is to study the above questions in the context of a moist, primitive equation model. Related to and based on these results, a companion paper addresses the question of the validity of the tangent-linear approximation in the presence of moist processes for rapidly growing perturbations (Errico and Raeder 1999) . Its validity has so far only been addressed in detail for models with dry physics (e.g., Lacarra and Talagrand 1988; Errico et al. 1993; Buizza 1995) , and only in a very limited context for models with moist physics (e.g., Errico and Ehrendorfer 1995; Ehrendorfer et al. 1996; Buizza et al. 1996; , but it is highly important with regard to the implications of tangent-linear error growth for nonlinear error growth. The second question that will be addressed in detail in another forthcoming paper relates to the extent to which atmospheric predictability, when approached through the full spectrum of SVs, is affected by the inclusion of moist processes. The two questions outlined above will be addressed in the framework of the regional mesoscale modeling system (described in section 3), used here in its moist version. Reference to previous work with the dry variant of a previous version of the model used here will allow us to recognize and quantify the influence of moist processes.
The organization of the paper is as follows. In the next section we discuss the problems associated with defining a norm for the measurement of moist perturbations. Section 3 contains a brief description of the model used and the specific synoptic cases studied. In section 4 optimally growing structures are presented for different choices of norm, dry, and moist tangent-linear models, and basic states. The paper is concluded with a brief summary of the results and their possible implications on atmospheric predictability, as well as on data assimilation.
Singular vectors: Definition and norms
Singular vectors arise when searching for the perturbation that, when added to a given basic state, will achieve maximum growth over a specified time interval. In principle, determination of that specific optimal structure is possible for the situation in which nonlinear error growth is considered through a nonlinear optimization problem. However, as in all previous related studies, tangent-linear evolution of perturbations is assumed here. As a consequence, the determination of the fastestgrowing structure reduces to solving a symmetric eigenproblem (e.g., Lorenz 1965) . Apart from the tangentlinear assumption, and the specification of an optimization time interval (taken here as 24 h, denoted as ), the identification of the optimally growing structure requires (both in the tangent-linear and in the nonlinear context) the specification of a norm for measuring the size of perturbations. The norms considered in the present work are introduced below. Given such a norm, the following optimization problem is considered. Maximize Buizza et al. 1993 ), but it must be mentioned that only the first SV solves the problem (2.1). Clearly, however, the SVs beyond the first one are related to problem (2.1), presenting solutions when the leading SV (or the previous leading SVs) are excluded. Note that S itself is not symmetric, but since it is similar to a symmetric matrix (see, e.g., Parlett 1998), namely, Ŝ (Ŝ ϵ C 1/2 SC Ϫ1/2 ), its eigenvectors are orthogonal with respect to the norm C. It should also be pointed out that according to the commonly used definition of singular vectors in linear algebra (e.g., Golub and Van Loan 1989) these orthogonal eigenvectors of Ŝ are the right singular vectors of C 1/2 M C Ϫ1/2 . Clearly, the eigenvectors of the two similar matrices S and Ŝ are linearly related.
In the above SV definition the same norm is used at initial and final times, which ensures that the positive eigenvalues i of S are directly the factors by which a given SV is amplifying ( i Ͼ 1) or decaying ( i Ͻ 1) over the optimization time interval in the norm C. Such direct interpretation of the i is only possible for SVs defined using the same norm at initial and final times. Assuming exponential growth of any given SV, the time t d ϵ ln2/ln may be defined as its corresponding error doubling time (for Ͼ 1). For completeness, it is noted that, since S is similar to a symmetric matrix, semidirect out-of-core eigensolvers for symmetric problems [such as the Lanczos algorithm; see, e.g., Strang (1986) ; Grimes et al. (1994); algorithm F02FJF in NAG (1995) ] may be utilized for the determination of the SVs. Such out-of-core solvers become a necessity for SV computations in the context of primitive equation atmospheric NWP models due to the size of the matrix S, and the fact that its elements are not explicitly known.
The choice of a norm (in dry or moist contexts) is really dependent on the specific application and the aspects that one wants to measure. For example, for the purpose of forecast error covariance prediction, the analysis error covariance matrix represents the appropriate norm at the initial time (see, e.g., Ehrendorfer and Tribbia 1997; Palmer et al. 1998; Barkmeijer et al. 1998 ). More specifically, for perturbations governed by the linearized dry-adiabatic primitive equations, an expression for total energy (sum of kinetic energy and a form of available potential energy) can be derived that is conserved for very simple choices of the reference state chosen for linearization. This expression may be utilized to define dynamically relevant ratios of the coefficients of the various terms in the resulting form of total energy (TE) that might be expected to remain appropriate for more realistic basic states. Such an expression has been widely used to measure perturbation growth in dry primitive equation models (TE norm; e.g., Buizza et al. 1993) . No similar conserved (quadratic) function is known to exist if moist processes are included in the model. The choice of a useful, and physically meaningful, norm when moist processes are included is therefore, to some extent, at least as arbitrary as when only dry processes are considered. The procedure used here for defining the relative weights for temperature and moisture is, however, quite similar to the procedure outlined above for the dry situation, namely, consideration of the physical effect of condensation/evaporation on temperature [see below, and also Eq. (A.9) in the appendix].
For a precursor of the model used here, the TE norm had been shown to be affected to an undesirably large degree by propagating gravity waves and bad conservation properties of the model's vertical differencing scheme (see Ehrendorfer and Errico 1995) . These adverse effects were, to some degree, reduced by considering a more comprehensive formulation of the temperature term (using a full matrix instead of a scalar as weighting function) that takes the basic state into account in a more realistic way. However, Ehrendorfer and Errico (1995) investigated more closely SVs based on a rotational-modes norm that explicitly excluded growth arising from propagating gravity waves. In the version of the model used in the present study (for a fuller description see next section) both of the above deficiencies have been eliminated, as the vertical differencing scheme and the nonlinear normal mode initialization procedure were changed. Consequently, the TE norm appears to be a valid measure for assessing the influence of moist processes on the growth of perturbations in the present model.
The TE norm, augmented here by a term measuring moisture explicitly (subsequently referred to as moist TE norm) may be expressed in a continuous formulation as follows:
where c p , R, and L are specific heat at constant pressure, gas constant of dry air, and latent heat of condensation per unit mass, respectively (with numerical values of 1005.7 J kg Ϫ1 K Ϫ1 , 287.04 J kg Ϫ1 K Ϫ1 and 2.5104 ϫ 10 6 J kg Ϫ1 , respectively), and the integration extends over the full horizontal domain D and vertical direction . In this formulation, the TE norm is weighted by mass (being proportional to d given a reference pressure, p r , if the pressure at the model's top, p t , is zero) and, unlike some other TE-norm definitions, normalized by the total mass in the domain considered, to facilitate comparison with other domains in future studies. The terms uЈ, Ј, TЈ, , and qЈ are the perturbed zonal and pЈ s meridional horizontal wind components, temperature, surface pressure, and mixing ratio, respectively (composing the state vector X), and T r ϭ 270 K and p r ϭ 1000 hPa. Our standard value for the parameter ⑀ is 1. The effect of taking ⑀ larger or smaller than this value is briefly discussed below (see also section 4).
Including the qЈ term in (2.2) seems appropriate since otherwise no moisture perturbations at the initial time are considered, and no explicit measurement of moisture growth can be carried out. However, in addition, two variants of the moist TE norm are considered here. First, the norm obtained by omitting the qЈ term from (2.2) will be referred to as the dry TE norm. For computations with the moist model, this requires setting qЈ fields to zero initially in order to use the same norm at both initial and final times . Similarly, use of (2.2) with dry terms omitted will allow measuring growth with the moist model in the moisture fields only and is subsequently referred to as the q norm (again, initially the dry fields are then set to zero).
In considering the qЈ term in (2.2), if the only physics involved was condensation, then changes in temperature and moisture would be related through c p ⌬T ϭ ϪL⌬q (conservation of moist enthalpy), where ⌬ represents a change over time (T and q denote unperturbed basicstate quantities). If these changes are considered to be equivalent to the perturbations considered in the SV problem (which they are not, in general), then one would obtain there c p TЈ ϭ ϪLqЈ. In this case, the temperature term in (2.2) becomes c p TЈ 2 /T r ϭ L 2 qЈ 2 /(c p T r ). This reasoning is used to motivate creating the moist TE norm by simply adding the latter expression to the dry TE norm [see also Eq. (A.9) in the appendix]. However, it is noted that if physical processes other than (or beyond) condensation occur, it is not apparent that the moist TE norm will be conserved for any reasonable linearization of (any approximation of ) physics and dynamics, unlike in the case for the dry TE norm in the dry model.
Without any further demonstration of its appropriateness, the utility of the moist TE norm [with ⑀ ϭ 1; used in a very similar form by Buizza et al. (1996) ; Mahfouf et al. (1996) ] lies primarily in the fact that this weight (on qЈ) is in the range that leads to significant contributions to the norm by all fields both at initial and final times (see section 4), and that it is based on condensation physics. Any weight near this value may therefore be as appropriate. Note that, if ⑀ is taken increasingly larger, the results asymptotically approach the same as when initially perturbing only dry fields, but measuring only moist fields at the end of the optimization time interval; that is, for increasing ⑀, the contribution of the dry fields dominates initially, whereas the contribution of moisture dominates at the final time (vice versa for ⑀ taken smaller). This is clearly unde-sirable, because then the optimization problem under investigation becomes equivalent to a problem that uses different norms at each time. Consequently, if one is interested in obtaining significant contributions of all fields to the norm, both at the initial and final times, one is restricted to a small range of possible weights as will be discussed at the end of section 4a. Further detailed study is necessary to address the relationship of the moist TE norm (2.2) and an analysis-error-induced metric (including moisture).
Description of model and synoptic situations a. Model
The numerical weather prediction models used in this study are the components of version 2 of the Mesoscale Adjoint Modeling System (denoted as MAMS2) developed at the National Center for Atmospheric Research (NCAR; see also Errico and Raeder 1999) . This modeling system is based on the previous version of MAMS1 described by Errico et al. (1994) that was used, for instance, in the SV-based predictability study by Ehrendorfer and Errico (1995) . However, MAMS2 possesses numerous and significant differences compared to MAMS1 (see below). MAMS2 consists of a limitedarea, primitive equation, nonlinear, forecast model (NLM), described in flux form on an Arakawa B grid (Arakawa and Lamb 1977) with a Lambert conformal mapping, as well as its associated tangent-linear (TLM) and adjoint (ADJ) model components. The model's lateral boundary conditions are formulated using a Davies and Turner (1977) relaxation scheme applied within five grid points from the edge using a relaxation coefficient that exponentially decreases inward from the grid's edge. The time scheme is split-explicit following Madala (1981) with an Asselin (1972) filter to control computational modes. The model includes an adiabatic vertical mode initialization scheme (Bourke and McGregor 1983) of the external and first internal modes.
, where p is pressure, p t is the pressure at the model's top (taken as 10 hPa in the experiments described here), and p s is surface pressure. The vertical finite differencing follows the energy-conserving formulation of the NCAR Comunity Climate Model (CCM version 2; Hack et al. 1993) ; this vertical differencing scheme represents one of the changes compared to MAMS1. In all experiments discussed here, the horizontal wind components, temperature, and mixing ratio are defined on 10 levels equally spaced in terms of .
The model physics include a stability-independent bulk formulation of the planetary boundary layer (Deardorff 1972) and a stability-dependent vertical diffusion following CCM version 3 (Kiehl et al. 1996) , treated using an implicit temporal scheme. Horizontal diffusion is implemented using a fourth-order scheme with a timeindependent coefficient applied to wind, temperature, and water vapor (mixing ratio), except next to the boundaries where diffusion is second order. The physics includes a dry convective adjustment scheme that acts on temperature only, with no accompanying mixing of moisture. The prognostic equation for ground temperature includes radiative effects modeled identically to that in the model described by Anthes et al. (1987) . The radiation at the surface depends on water vapor and clouds, with the latter determined by relative humidity only. Moist convection is modeled using the relaxed Arakawa Schubert (RAS) scheme developed by Moorthi and Suarez (1992) . Nonconvective precipitation is simply the result of an energy-conserving adjustment back to 100% relative humidity.
There are many significant effects due to the changes between the first and second versions of MAMS relating to the results to be discussed here. The coefficients for both horizontal and vertical diffusion are substantially reduced making the new version much less damped. The new energy-conserving vertical discretization, along with a correction to an earlier software error regarding the temperature adjustments made by the vertical mode initialization, results in nearly independent contributions to the total energy by gravitational and rotational modes (i.e., these normal modes are mutually orthogonal with respect to the dry TE norm). This eliminates the artificial growth of energy reported by Ehrendorfer and Errico (1995) occuring through the removal of gravitational modes by initialization, propagation out of the domain, or physical damping. Also, the linearization is now complete except for the infrequent update of the basic state (note that infrequent should be understood here relative to an update that is carried out every time step; see below) and the use of time-mean Jacobians for moist and dry convection (approximately computed using the perturbation method) and nonconvective precipitation (exactly computed). In particular, no terms or factors are excluded from the linearization of vertical diffusion and surface fluxes. Many errors in formulation that were carried over from the model described by Anthes et al. (1987) (such as its using incorrect levels in the formulation of vertical diffusion coefficients) have now been removed.
The reference state about which the linearization is performed is only archived every three time steps. This state is then held fixed during the corresponding time steps of the tangent-linear and adjoint calculations. Data storage, disk transfers, and computations within the TLM and ADJ are thereby greatly reduced. This approximation has a negligible impact on the accuracy of the TLM except for the situation that the perturbation size is smaller than the typical change in the reference state between consecutive time steps (see Errico et al. 1993) .
The Jacobians for moist and dry convection are computed using the perturbation method described in Errico and Raeder (1999) . The Jacobians of the moist convection at individual (horizontal) locations are set to zero VOLUME 56 if, after being time averaged, either any of its individual components have large values or any of its eigenvalues are significantly larger than 1. This filtering process (typically affecting 1% or less of the model's grid points) is necessary not only because the perturbation method can yield incorrect Jacobians by attempting to fit a tangent through a discontinuity, but also because attempting to use a linearization of a highly nonlinear, but smooth, function can lead to worse approximations to the nonlinear behavior of perturbations than the approximation resulting from simply neglecting the function in the linearization [for a more complete discussion, see Errico and Raeder (1999) ].
b. Synoptic situations
The properties of SVs computed with MAMS2 including the RAS scheme are investigated here for two synoptic cases. In both cases, the reference trajectory defining the TLM and the adjoint has been obtained by a nonlinear integration (with initialization) over 24 h with initial and boundary conditions obtained from 12-hourly ECMWF analyses interpolated to the MAMS2 grid.
In the first case (referred to as the winter case) an explosive cyclogenesis event occurs over the western Atlantic, with the cyclone already developed at the beginning of the 24-h interval investigated (i.e., 0000 UTC 14 February 1982). As can be seen from Fig. 1 (showing the 500-hPa height at the initial time, the 24-h accumulated forecast precipitation, and the sea level pressure at both the initial and verification times) the cyclone continues to deepen during that time. The precipitation in both of the large rainfall areas ( Fig. 1b; one associated with the cyclone, the second along the coasts of Mexico) consists about equally of convective and large-scale precipitation. It is noted that over the Gulf coast of Mexico the modeled rainfall is largest during the last 6 h (by a factor of 3 compared with earlier times). Near the extreme southwest corner of the model domain, precipi- tation is fairly steady during the 24-h interval. The model grid covers the domain shown in Fig. 1 with a horizontal grid spacing of approximately 120 km; the time step is 5 min. The modeled deepening (on the basis of the moist model) of the cyclone (21 hPa) is quite comparable to its observed deepening (24 hPa as analyzed at this resolution) for this version of the model (this deepening is only 5 hPa in the dry version of the model). The forecast cyclone (Fig. 1d ) has central pressure of 969 hPa and is positioned approximately 270 km to the southwest of the observed surface low. This case has been investigated by Ehrendorfer and Errico (1995) , Errico and Raeder (1999) , and Errico and Vukićević (1992) for the same period.
In the second case (summer case) (starting time for the 24-h interval is 1200 UTC 16 June 1989), also studied by Errico and Raeder (1999) , a slowly moving trough (in the 500-hPa height field) appears in the eastern half of the model domain near the Great Lakes (Fig.  2a) . Here, there are two main centers of rainfall activity ( Fig. 2b) : one extending from Colorado to the Canadian border, one north of Florida (both mostly convective). Two additional regions of nonconvective precipitation appear in the southern Manitoba and southeast Ontario provinces. Maximum precipitation amounts are on the order of 5 cm. The distribution of the surface pressure shows weak pressure gradients (Figs. 2c,d ). This absence of strong dynamical activity suggests that this case may be mostly dominated by convection. The horizontal grid spacing in this situation is 80 km; the time step is 4 min.
Properties of leading moist singular vectors
The results presented in this section refer to SV computations with an optimization time interval of 24 h for the two different synoptic cases described in section 3. For each case, five experiments (numbered from one to five) were carried out, with the relevant basic states computed through nonlinear model integrations as men- tioned in section 3. The leading SVs were computed for the five experiments for each case (W1-W5 for the winter case, S1-S5 for the summer case) that result from different combinations of basic states, TLM, and dry or moist TE norm, or q norm, as listed in the caption of Table 1 . Note that in each of these computations, the same norm has been used at both initial and final times, so that the eigenvalues i (i.e., squares of the singular values) give directly the ratio of the final value of norm (2.2) for the specific SV to its initial value (the values of the initial norms are always constrained to be 1).
a. Winter case
The conditions of experiment W1 resemble closely those of the dry TE-norm SV computations discussed by Ehrendorfer and Errico (1995) . Consequently, in experiment W1, the growth rates obtained are quite comparable to those of Ehrendorfer and Errico (1995) who had obtained a maximum eigenvalue of 56.6 for the dry TE norm. The fact that 1 is smaller here, namely 47.6, is related to the model changes (specifically in the normal mode initialization and in the vertical discretization), and to the weakened diffusion. This weakened diffusion should lead to an increased value of 1 , whereas the two other changes are expected to have effects in the opposite direction. Further, the leading SV structures found here are quite similar to the ones in this previous work (except for the surface pressure field).
As an example, Figs. 3a-c show selected temperature and surface pressure fields of SV1/W1 (compare with Figs. 5 and 4b of Ehrendorfer and Errico 1995) and Figs. 3d,e show selected temperature perturbations of SV2/W1. Note that the surface pressure field of the first SV computed with the rotational-modes norm (see Fig.  11c of Ehrendorfer and Errico 1995) is similar to the surface pressure field shown in Fig. 3c . The temperature as well as the wind perturbations of these SVs take on their maximum values approximately at model level 7 (about 650 hPa). The root-mean-square (rms) temperature perturbations at this level are on the order of about 1 K (see also Fig. 6 discussed below) . The corresponding wind and surface pressure rms perturbations are approximately 1 m s Ϫ1 and 0.4 hPa. This difference in magnitude to the dry TE-norm SVs presented by Ehrendorfer and is a result of the explicit mass averaging that is now included in the TE norm [see comments after Eq. (2.2)]. The magnitudes of fields, as given above, and below in several places, are appropriately normalized through this mass averaging [through the constraint appearing in (2.1)]; these numbers would, however, change (by a common factor) if a normalization constant different from one at the initial time were chosen. Such a different constant would not affect, however, the SV structures or the eigenvalues, or any ratios computed from fields at two different times.
Note that the eigenvalues of SV1/W1 and SV2/W1 are quite similar (47.6 and 47.0; see Table 1 ). Referring to Fig. 3 , it can be seen that the patterns also seem to closely resemble each other. They are, however, orthogonal with respect to the dry TE norm, and closer inspection of Fig. 3 indicates that SV1/W1 and SV2/ W1 differ by a very slight phase shift: this phase shift is more pronounced at ϭ 0.55 than at the lower level ϭ 0.85. The shift may be observed by noting that the transition from positive to negative sign in the temperature perturbation is located over Florida in Fig. 3a , but somewhat east of Florida in Fig. 3d . The appearance of this pair of SVs is therefore related to the possibility of growth of two structures similar in shape, but separated in the horizontal, and orthogonal in the TE norm.
It is of interest to assess the influence of moisture processes on error growth by comparing experiments W1 and W2. The only difference between these experiments is that in W2 the basic state has been computed with the nonlinear moist version of the model. The initial states of both integrations are identical in the dry fields. Differences occur only later in the forecast, becoming significant in the lower troposphere in the vicinity of the Atlantic cyclone (where surface winds are twice those in the dry case) and over Mexico. In terms of amplification, the difference between the two experiments is small (see Table 1 ). Note also that, as in W1, the first two most rapidly amplifying SVs appear in pairs with rather close amplifications. As in the case of W1, this appearance in a pair can be traced to the slight phase shift of the patterns. The similarity of the W1 and W2 results is further substantiated by the projection coefficients (see next paragraph for closer description): SV1/ W1 corresponds to SV2/W2 with a projection coeffi- Further, in an overall sense the structures of the SVs are rather similar in both experiments. This similarity may be quantified by comparing the unstable subspaces spanned by the leading SVs of both experiments (six SVs in W1, seven SVs in W2) in the way suggested by Buizza (1994) . The computation of this similarity index requires a norm within which to compare two SVs. Given such a norm, the projection coefficients of one set of SVs on another set of SVs are computed (through VOLUME 56 Winter case W1 (6) W2 (7) W3 (10) W4 (9) W1 (6) W2 (7) W3 ( Summer case S1 (9) S2 (7) S3 (11) S4 (9) S1 (9) S2 (7) S3 ( the mutual inner products). The similarity index is then the sum of these coefficients normalized by the number of SVs entering its computation; therefore, it ranges between zero (for completely different subspaces) and one (for identical subspaces, or the situation that the entire spectrum of SVs enters the computation). In the present computations of this similarity index between subspaces from different experiments, the dry TE norm is used. For comparisons of dry and moist experiments (see below), only the dry part of the moist SVs is used; these ''shortened'' moist SVs are orthonormalized in the dry TE norm through a modified Gram-Schmidt procedure (e.g., Strang 1986) before computing the similarity index. For experiments W1 and W2 the relevant overall similarity index is 0.887 (see Table 2 ). This result indicates that the replacement of a dry basic state by a basic state computed with a moist model does not lead to significant differences in the leading subspaces (see also below). Error-doubling times and growth rates are dramatically different between experiments W2 and W3. In both experiments the dry TE norm is used (i.e., qЈ fields are set to zero initially and are not measured at the final time), as well as the same moist basic state. However, in contrast to W2, experiment W3 includes the complete linearization of moist processes in the TLM [particularly moist convection; see section 3a and Errico and Raeder (1999) ]. In this case, the largest amplification 1 in W3 is almost six times larger than in W2, with an associated decrease in t d from 4.15 to 2.88 h. Beyond increased amplifications, the use of the moist TLM in the SV computations leads to the emergence of new structures. For example, SV1, SV2, and SV3 of W3 are completely distinct (in terms of their projection coefficients) from any of the leading seven SVs in W2 (as well as from any of the leading six SVs in W1).
Nevertheless, structures found in computations without moisture (experiments W1 and W2) reappear here in W3, but in modified form. For example, SV4/W3 and SV5/W3 have some degree of similarity in structure to SV1/W2 and SV2/W2, respectively (projection coefficients of about 0.35). These differences in the subspaces, created through the emergence of new structures, are also reflected by the low value of the overall similarity index (7 SVs in W2, 10 SVs in W3) of 0.424 (see Table  2 ; this index is 0.391 when W3 and W1 are compared). As an example of the SV structures in W3, the temperature fields (at ϭ 0.55) are shown for SV1/W3 and SV4/W3 in Fig. 4 . In the vertical, the maxima of the temperature perturbations of the leading SVs appear at a model level (7 or 8; about 700 hPa) slightly below the level shown in Fig. 4 (rms values for SV1/W3 are about 1.2 K, 0.8 m s Ϫ1 1.2 hPa; see also Fig. 6 ). Apparently, the perturbation structure in Fig. 4a is associated with precipitation activity occurring in the southwest corner of the model domain (see Fig. 1b ), whereas SV4/W3 is located in the vicinity of the upper-level trough at 500 hPa east of Florida (see Fig. 1 ). Inspection of the projection coefficients indicates that SV4/W3 is related to SV1/W2 (coefficient of 0.349), which in turn is related to SV2/W1 (see above; Figs. 3d,e). Similarly, SV5/W3 (not shown) relates to SV2/W2 (0.377), which in turn is related to SV1/W1 (see above). Consequently, SV4/W3 and SV5/W3 show a weak phase shift, as observed for the two leading SVs in W1 and W2.
The results of experiment W3 allow the following statements. The dissimilarity between W2 and W3 indicates that the use of a dry TLM with a moist basic state (expt. W2) is not sufficient to describe the error growth patterns that appear when a moist TLM is used instead (expt. W3). Further, use of a moist TLM leads to the appearance of new growing structures with dramatically increased growth rates. The growth rates obtained by Buizza et al. (1996) and Mahfouf et al. (1996) in a study with consideration of only large-scale condensation (no moist convection) are much more comparable to the completely dry computations than is the case in the present study. This result indicates that growth rates may depend strongly on the type of moist processes included in the model, and that there is the potential for significantly increased growth in the presence of moist convection. No detailed investigation of the horizontal scales of the perturbations in W3 (in comparison to W2 or W1) has been carried out. However, it appears that the ''convectively dominated'' SVs in W3 (i.e., SV1/W3 to SV3/W3) are even more localized than the ''dry'' SVs, with the structure of the dry SVs (i.e., SV4/W3 and SV5/W3) remaining similar in scale to their counterparts in experiments W1 and W2.
If moisture is explicitly measured through the moist TE norm, as done in experiment W4 (with ⑀ ϭ 1), a further increase in the maximum amplification occurs ( 1 ϭ 551.21 with t d ϭ 2.64 h; see Table 1 ). This increase in amplification is, however, less dramatic than the increase that is observed in going from W2 to W3. It appears, therefore, that it is primarily the moist processes explicitly represented in linearized form in the moist TLM that lead to enhanced growth, and not so much the explicit inclusion of moisture in the norm. Note, however, that the validity of this statement depends on the value of ⑀ used in (2.2), in the sense that significantly changing ⑀ will also change the growth rates (see also end of this subsection). The comparatively small change effected through including qЈ fields in the moist TE norm on the growth rates of the leading SVs is also reflected by the high similarity index of 0.729 between the leading SV subspaces of experiments W3 (ten SVs) and W4 (nine SVs). No qualitatively new SVs appear in W4 among the leading SVs, compared to W3 (in the sense that high mutual projections occur between the first five SVs of W3 and W4), unlike the case when the dry TLM was replaced by the moist TLM (W2 and W3).
The interpretation that moist processes are primarily responsible for observing enhanced growth in W3 and W4 is also supported by the analysis presented in the appendix. This analysis shows that although linearized physical adjustment schemes similar to those used in the moist physics in MAMS2 do not act to grow normal modes by themselves, they can in fact act to increase the moist TE norm.
An example of perturbation structures associated with the leading SVs in W4 is shown in Fig. 5 for selected temperature and moisture perturbations. SV1/W4 (Figs. 5a,b; see also Fig. 6 ) is practically identical to SV1/W3 ( Fig. 4 ; projection of 0.997), with the moisture perturbation located in the same place as the temperature perturbation. The similarity of the fields shown in Figs. 5c (SV3/W4; see also Fig. 6 ) and 4b (SV4/W3) indicates a switch in the ordering of the SVs. Namely, the dynamically dominated SV4/W3 appears as SV3/W4 with a projection of 0.494; in turn, the convectively dominated SV4/W4 (Fig. 5d) is quite similar to SV3/W3 (not shown, projection of 0.658). Note that SV1/W4, SV2/ W4, and SV4/W4 have no counterparts among the first six SVs of W1 (first seven of W2), which is consistent with the observation made in experiment W3 that SV1/ W3 to SV3/W3 have no counterparts among the leading SVs in W1 and W2. This confirms, for the situation when moisture is explicitly included in the norm, that new growing structures are present among the unstable SVs in the presence of the moist convective physics. We also note the connection of SV3/W4 (Fig. 5c ) to SV2/W1 (Figs. 3d,e) , with a projection of 0.305 (indicating substantial modification). This connection is also understood from the relation of SV3/W4 and SV4/ W3 (see above), and SV4/W3 and SV2/W1 (projection of 0.384) mentioned also in the context of Fig. 4 . Beyond confirmation of the consistency and correctness of the SV computations, these relationships confirm (i) the emergence of new error-growth structures when moist physics are used, (ii) the reappearance of dry SVs (obtained with a dry TLM; experiments W1 and W2) in modified form in the situation of the moist TLM (experiments W3 and W4), and (iii) that no new structures appear among the very leading SVs when the moist TE norm is used rather than the dry TE norm.
Despite the vertically uniform weight on the qЈ fields in the moist TE norm [see Eq. (2.2)], the initial qЈ fields in the leading SVs show a pronounced vertical structure. For example, qЈ of SV1/W4 shows rms maxima of 0.2-0.3 g kg Ϫ1 near model levels 7 or 8 (corresponding to wind, temperature, and surface pressure rms perturbations of about 0.7 m s Ϫ1 , 1.3 K, and 1.1 hPa), with qЈ values about an order of magnitude smaller above and below. There is a tendency for these maxima to move vertically upward during the time integration of the SVs (see Fig. 6 and Errico and Raeder 1999) .
For a fuller description of the vertical structure of the SVs, vertical profiles of the individual terms in the dry or moist TE norm are presented in Fig. 6 for selected SVs. Each panel in Fig. 6 consists of six (in the case of the dry TE norm) or eight (in the case of the moist TE norm) curves, half of them (labeled 0) valid at initial time, and the other half (labeled 24) at optimization time . In addition, the curves carry the following labels: K for the kinetic energy contribution; A for the contribution of the temperature and the term included at pЈ s the lowest level; Q for the qЈ contribution; and T for VOLUME the sum of K and A (and Q). Note that the Q curve is absent for SVs computed with the dry TE norm, and that the sum of the squared values (since square roots are plotted on the abscissa) of the T curve at individual levels yields 1.0 at the initial time [according to the constraint in (2.1)], and the eigenvalue at the final time . Figure 6 shows vertical profiles for (a) SV2/W1 (a rapidly amplifying dry SV; see Figs. 3d,e) (b) SV4/ W3 (a dynamically dominated SV similar to SV2/W1; see above and Fig. 4b ), (c) SV3/W4 (a dynamically dominated SV similar to SV4/W3; see above and Figs. 5c and 7b), and (d) SV1/W4 (the most rapidly growing convectively dominated SV; see Figs. 5a,b and 7a). Consistent with the discussion on the magnitude of the SVs, it can be seen that the norm contributions are dominant at lower levels initially and at somewhat higher levels at optimization time. Note the similar norm structure in the vertical of the dynamically dominated SV2/W1 and SV4/W3 (Figs. 6a,b) , with the major contribution to the final norm coming from kinetic energy. In the case of the moist TE-norm SVs (Figs. 6c,d ) the qЈ contribution to the norm at final times is comparable to the kinetic energy contribution (see also Fig. 7) .
J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S
The results from the final winter experiment W5, in which only the qЈ fields are measured at initial and final times, indicate that the growth of moisture perturbations by itself is rather small (e.g., 1 ϭ 24.56 in W5). This result is consistent with the observation that the increase in 1 when going from experiment W3 to W4 (i.e., using the moist TE norm instead of the dry TE norm) is not as dramatic as the increase observed between W2 and W3 (i.e., using the dry TE norm and moist basic state, but the moist TLM instead of the dry TLM). Note that maximum growth in W5 is smaller than maximum growth in experiment W1, even though the moist TLM is used. As already observed in W4, the initial qЈ fields also show a pronounced maximum near model level 7 in W5.
The (relative) contribution of the qЈ fields to the total growth, as measured using the moist TE norm in W4, FIG. 6 . Vertical profiles of contributions to dry or moist TE norm (2.2) for selected SVs at initial and final times. Individual panels consist of six (in case of dry TE norm) or eight (in case of moist TE norm) curves, half of them (labeled 0) valid at initial time and the other half (labeled 24) at optimization time . Curves carry the additional labels K for kinetic energy contribution, A for contribution of temperature and term included at the lowest level, Q for the qЈ contribution (if applicable), and T for the sum of K and A (and Q). Note that square can be controlled through the parameter ⑀. In the present case, where ⑀ has been set to 1, the moisture contribution to the moist TE norm of SV1 is 13% at the initial time and about 33% at the final time (see Table 3 ). These fractions do depend on the type of SV under consideration (see Table 3 for the relevant numbers for the first five SVs of experiment W4; see also the discussion of the summer case), but the fact that for most SVs (note the exception for SV3 and SV5) the qЈ contributions are smaller than the contributions of the remaining fields both at initial and final times confirms that the undesirable ''reversal'' effect discussed at the end of section VOLUME 56
Time evolution of moist TE norm (solid line) of (a) SV1 and (b) SV3 of expt. W4, in addition to its partitioning into dry (short dashed) and moist (long dashed) components. Note the logarithmic scale on the ordinate. 2 does not present a problem and that this value of ⑀ is a reasonable one, in light of the caveats discussed in section 2. The occurrence of the reversal effect (of moderate magnitude) for SV3 (see also Fig. 6c ) and SV5 (i.e., small qЈ contribution initially and large contribution at final time) may be related to the fact that these SVs are apparently more dynamically dominated than SV1, SV2, and SV4 (see Fig. 5 ; see also the discussion of SV3/W4 above).
In experiments with ⑀ ϭ 0.1 and ⑀ ϭ 10 the reversal effect was observed for the most rapidly amplifying SV, with the reversal occurring in the sense described in section 2 (the successively less rapidly amplifying SVs were not investigated with regard to the reversal effect for different ⑀, since the behavior of SV1 is considered to be representative here). This result confirms that the choice ⑀ ϭ 1 is indeed reasonable. For more extreme values of ⑀, the leading eigenvalue scales with ⑀. Figure  7 shows the time evolution of the moist TE norm (solid line), in addition to its partitioning into dry (short dashed) and moist (long dashed) components, for SV1 ( Fig. 7a) and SV3 (Fig. 7b ) of W4 (note the logarithmic scale on the ordinate). It becomes apparent that for SV1 (see Figs. 5a ,b) much of the growth occurs during the last third of the optimization interval. In the present case, that seems to be an intrinsic property of the SVs associated with the precipitation area over Mexico, since the ''dynamical'' SVs associated with the cyclone exhibit more uniform (nearly exponential) growth during the entire optimization interval as illustrated in Fig. 7b . Note also that for SV1, the relative contributions of dry and moist components change twice during the time integration, whereas the reversal effect occurs quite smoothly for SV3 (see Fig. 5c ) at the middle of the optimization time interval.
b. Summer case
Many of the results described for the winter case are confirmed through the experiments carried out with the summer case basic state. For example, using a moist TLM (expt. S3) instead of the dry TLM (expt. S2) has a more dramatic impact, in terms of growth rates and similarity indices, than using the moist TE norm (expt. S4) rather than the dry TE norm (expt. S3) (see Tables  1 and 2 ). The typical vertical structures of the SVs, with rms maxima in the lower troposphere, also appear in this summer case (see Fig. 11 below) . The major difference between the two cases is related to the absence of strong dynamical activity in the summer case, as it occurs in the winter case through the developing cyclone. As a result, relating SVs to dynamical or convective activity (similar to the way attempted in the winter case) is less straightforward. Also, in general, the SV growth rates are considerably larger in the summer case than in the winter case; for example, the largest amplification in S4 (see Table 1 ) corresponds to t d ϭ 2.0 h. In contrast to the winter case, the leading amplifications of experiment S2 are smaller than in S1, and in both experiments they do not appear in pairs. This difference between S1 and S2 may be related to the fact that in S1, solar heating without cloud shading or moist convection or evaporative cooling makes dry convective adjustment the dominant physics in the lower troposphere. Therefore, this experiment is somewhat unrealistic compared to the parallel winter case experiment W1. Consequently, selected SV perturbations are presented here for experiment S2, which is more realistic due to its use of a moist basic state. Figure 8 shows selected temperature perturbations for the first two SVs of experiment S2, with associated amplifications of 64.89 and 60.20, respectively. Apparently, these SVs are located in the region of zonal-southwest flow in the western part of the model domain (see Fig. 2a ). Note the existence of a phase shift of about a quarter of a wavelength between the patterns of SV1 and SV2, which has also been observed for the leading two SVs in the dry winter case experiments (W1 and W2). Note also that the SV structures shown possess almost no vertical tilt. Referring briefly back to experiment S1, it is mentioned that SV2 (SV1) of S1 is rather similar to SV1 (SV2) of S2 ( Fig. 8) with projections greater than 0.6.
The emergence of new SVs in the presence of the moist TLM is demonstrated for the summer case in Fig.  9 (expt. S3) through a comparison of S3 and S2. The overall similarity between S2 and S3 is small (0.359; see Table 2 ) and SV4/S3 (Fig. 9c ) represents a structure with no counterpart among the first seven SVs of S2, judging on the basis of the projection coefficients. It also appears that SV1/S3 to SV3/S3 (see Figs. 9a, b) are substantially modified (when compared with any of the seven leading SVs of expt. S2) through the inclusion of the moist TLM. For example, the projection of SV3/S3 (Fig. 9b) on SV1/S2 (see Fig. 8a ) is only 0.288. Note that this projection coefficient is the second largest one among all coefficients in the comparison of the leading seven SVs of S2 with the leading 11 SVs of S3 [the largest projection coefficient of 0.536 occurs between SV5/S3 (not shown) and SV2/S2; see also Figs. 8c, d] . This modification of the dry SVs has already been observed in the winter case (see Figs. 3 and 4) , but seems to be somewhat stronger here, as it is presumably stronger due to the absence of significant dynamical developments in the summer case. It is therefore evident that in this summer case new growing structures appear (as in the winter case) when the moist TLM is used instead of the dry TLM when using the dry TE norm.
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Selected SVs are shown in Fig. 10 for the moist TEnorm experiment S4. A comparison with Fig. 9 shows that the temperature perturbations remain largely unchanged. As in the winter case, the modification of the SVs through the change in norms is relatively minor (the similarity index for experiments S3 and S4 is 0.814). As in the winter case, several of the SVs are highly similar; for example, the projection between SV4/S3 (Fig. 9c ) and SV5/S4 (Figs. 10e,f) is 0.995. More generally, most of the similarity between S3 and S4 seems to be the result of the high similarity between the first seven SVs from these experiments.
The vertical structure of the summer case SVs, as well as magnitudes of the perturbations, is quite comparable to those of the winter case. For example, the maximum perturbations of SV1/S4 appear at model level 7, with rms values of 0.8 m s Ϫ1 , 1.5 K, 0.2 g kg Ϫ1 , and 0.6 hPa. The properties of selected SVs with regard to the vertical structure of the norm contributions are illustrated in more detail in Fig. 11 , in a way analogous to case, the kinetic energy contribution is dominant at the final time, in the case of the dry TE-norm SVs (Figs.  11a,b) , whereas the moisture contribution can be seen to be comparable to the kinetic energy contribution for the moist TE-norm SVs (Figs. 11c,d) .
The results from experiment S5, showing that moist perturbation growth alone is quite small compared to maximum growth in S4 (see also Table 1), are consistent with the interpretation of the same result in the winter case: the increase in growth is much larger when going from the dry TLM to the moist TLM (with the dry TE norm; experiments S2 and S3) than the increase observed when switching from the dry TE norm to the moist TE norm (with the moist TLM; experiments S3 and S4). Also, as in the winter case, the moisture contributions to the moist TE norm are somewhat smaller than the relevant dry contributions both at initial and final times (no reversal effect occurs here). The relevant fractions are comparable to the ones of the winter case; for example, for SV1/S4 the qЈ contribution fractions are 8.5% and 27% at initial and final times, respectively.
Summary and discussion
The impact of the inclusion of moist processes on finite-time most unstable structures, also referred to as SVs, has been investigated here using several related energy norms within the NCAR Mesoscale Adjoint Modeling System. In tangent-linear contexts, such as assumed here, SVs represent the perturbations of maximum growth measured in a prespecified way (i.e., norm) over a prespecified time (optimization time interval). One of the motivations of this study has been to provide an assessment of the importance of the interaction of dry and moist processes on error amplification in the atmosphere. Generally speaking, it was found that the inclusion of moist processes through norms and linearized models leads to substantial differences concerning growth rates and structures of perturbations when compared to the case in which only dry processes are considered.
Two difficulties exist when moist processes (e.g., convection, precipitation) are studied in the context of finite-time optimal perturbations. The first difficulty concerns the definition of an appropriate measure for the size of the perturbations. A firm theoretical basis for the choice of norms does not exist. In the dry situation a quadratic form of (an approximation to) ''total energy'' may be derived under certain assumptions (see section 2) that may subsequently be used to guide the definition of the ratios of weights given to wind, temperature, and pressure perturbations, respectively. Similarly, the consideration of temperature changes effected through condensation/evaporation may be used (as done here) to define the relative magnitudes of temperature and contributions of moisture processes to growth (see appendix). In view of this arbitrariness present in selecting a norm, it was chosen here to examine perturbation growth through a simple extension of the widely used dry total energy norm (section 2). For this simple extension, it was found that the very leading unstable subspaces were to some extent similar for the two situations that moisture was either neglected or explicitly measured. Of course, a significant dissimilarity also exists, namely, that qЈ ϭ 0 initially when the dry norm is used, but qЈ 0 using the moist norm. The second difficulty encountered relates to the degree of validity of the tangent-linear approximation when linearized forms of moist parameterizations are included. The tangent-linear assumption has been made in nearly all previous studies of finite-time optimal perturbations, mostly because through this assumption these perturbations can be obtained from the (partial) solution of an eigenproblem. However, only when the tangent-linear approximation is valid is it possible to infer properties of nonlinear error growth from the study of SVs. A companion study (Errico and Raeder 1999) has investigated the degree to which a fully linearized model of moist processes is a faithful representation of the corresponding nonlinear evolution of rapidly growing perturbations over 24 h, and various initial sizes of the perturbation. It is shown there that the tangent-linear assumption is quantitatively accurate over the optimization interval of 24 h for initial SV perturbations with magnitudes the size of analysis uncertainties in regions of significant dynamical forcing, but at best only qualitatively accurate in regions dominated by moist convection. Therefore, for the dynamically dominated modes, the moist tangent-linear SV perturbation growth studied here does accurately describe corresponding nonlinear perturbation growth for periods as long as 24 h.
In the present study, five important results were found from experiments with moisture-particularly moist convection-included in the TLM. (i) SVs are almost unchanged if a dry basic state is replaced with a moist basic state. (ii) SVs computed with a dry TLM defined on a moist basic state are very different from those obtained with a moist TLM. (iii) Using moist TLM and moist basic state leads to the emergence of new SV structures when compared to the dry situation. (iv) The growth rates of these new SVs are much larger than the growth rates of the dry SVs (leading eigenvalues larger by a factor of 6 in the winter case and a factor of 39 in the summer case). (v) The vertical structure of these SVs is initially such that maxima are located in the lower troposphere. These results have been found to be valid for two different synoptic cases.
The above results emphasize the importance of considering moisture in studies of finite-time error growth or in predictability studies. It is, however, important to emphasize that the general validity of these results remains to be determined (especially with respect to the type of moist physics used; e.g., moist convection vs large-scale condensation). Differences in the type of moist physics considered may also explain the differences in the growth rates between the present study and the studies by Buizza et al. (1996) and Mahfouf et al. (1996) . Concerning the first question stated in the introduction, it appears that in the presence of moist processes the leading subspaces for dry and moist TE norms are quite comparable. There is not enough evidence though, on the basis of the present experiments, to ascertain whether the importance of the norm specification is secondary to using a moist tangent-linear model. With regard to the second question, it has become clear that consideration of moist physical processes in the TLM leads to significant differences between the leading unstable subspaces.
As a result of our study we have shown that the following conjectures related to moist SVs are not correct. (i) The use of a dry tangent-linear model applied to a basic state produced with a moist nonlinear model is sufficient to capture most moist effects in SV calculations. (ii) The choice of a norm does not matter much and is totally arbitrary. (iii) Dry SVs are simply modulated by moist physics so that is is only necessary to multiply growth rates by some factor. (iv) Explicit, rather than simply parameterized, convection is required to VOLUME 56 J O U R N A L O F T H E A T M O S P H E R I C S C I E N C E S get new instabilities. These (and similar) statements have been discussed in an informal manner on various recent occasions (e.g., meetings) with some preliminary supporting experiments but are not in print to our knowledge. Nevertheless, it seemed critical to us that they be addressed in a careful way. The evidence from the present study shows that these conjectures are wrong. As an example, concerning (ii), it has been indicated that there is not a lot of freedom in the choice of the norm (e.g., changing the weights on the moisture term in the TE norm will very soon lead to qualitatively different results).
In the present study, the effect of moisture on the number of growing structures has not yet been investigated. A related study aimed at assessing the dimension of the unstable subspace (with filtered gravity waves) in the presence of moisture is under way. Although it is not necessarily so, it should be expected that, in addition to increased growth rates, the dimension of the unstable subspace will also increase.
A number of important questions regarding the results presented here, as well as their implications, remain. One of these questions concerns the more detailed study of the role of moist physics when SV-related approaches are used in the fields of ensemble prediction (e.g., Molteni et al. 1996) , as well as data assimilation (e.g., Ghil et al. 1997) . In that context, both the emergence of new structures, faster growth, and a (possibly) larger amplifying portion of the SV spectrum may become important. Another important issue relates to the further study of how to specify appropriate norms in order to account in a proper way for moist processes. It is obvious that the study of SVs represents an important first step toward a better understanding of the (nonlinear) growth and evolution of perturbations in the atmosphere. As such, they have led to important insights into the structure and dynamics of rapidly growing perturbations and should be expected to continue doing so. the eigencomputations was written by Professor Beresford N. Parlett, University of California, Berkeley, and was kindly provided to us in prerelease form by the Numerical Algorithms Group through Karl E. Knapp and Jeremy Du Croz. The comments by three anonymous reviewers were very helpful in improving the manuscript. We also thank Max J. Suarez at NASA for providing the RAS scheme. Kevin Raeder, NCAR, is partially funded by U.S. Navy Contract N00173-96-MP-00152 and NASA Contract W-18, 077, Mod. 6. Part of this work was carried out during various visits of the first author to NCAR, with partial financial support through NCAR and the FWF (Fonds zur Förderung der wissenschaftlichen Forschung, Austria) Project P11234-GEO.
APPENDIX

An Analysis of the Jacobian for Physical Adjustments
This appendix discusses some revealing analytical results that can be derived regarding some aspects of the moist physics in the model. In MAMS2, the nonconvective precipitation is determined by an adjustment of T and q at any point and time that q Ͼ q s occurs due to previously considered physical processes, where q s is the saturation mixing ratio, which is a function of T and pressure p. The adjustment satisfies the simultaneous constraints that q ϭ q (T , p),
where L is the latent heat of vaporization (condensation), c p is the specific heat of air at constant pressure, and the subscripts b and a refer to values before and after adjustment, respectively. The first constraint is that the adjusted value is at 100% relative humidity and the second is that moist enthalpy is conserved by the process. In MAMS2, both L and c p are treated as independent of both T and q in these expressions. where the primes denote perturbations. Consideration of perturbations of ␣ would change the after-adjustment values by only a few percent, and the Jacobian elements for p perturbations are also small. The square matrix in (A.8) is the Jacobian of the nonconvective precipitation scheme, disregarding perturbations of p and ␣. It serves as a good approximation to the behavior of the scheme for analytical analysis. The approximate Jacobian describes the direct influence of the parameterized physics on perturbations. This matrix has two eigenvalues. One is 1 ϭ 0, which corresponds to the effect of the constraint (A.1). The effect of this constraint is to reduce the degrees of freedom in the forecast field since at points adjusted to 100% relative humidity either T or q may be determined from the other (given p). In the context of the TLM, this is equivalent to setting 0 ϭ qЈ Ϫ (‫ץ‬q s /‫ץ‬T)TЈ at the points where this physics operates. The other eigenvalue is 2 ϭ 1. It corresponds to the constraint (A.2) that preserves the linear combination LqЈ ϩ c p TЈ.
Since the eigenvalues of the approximate Jacobian are 0 and 1, it by itself cannot cause growth of perturbation structures. It can, however, result in growth of some norms. An appropriate physically based norm for this parameterization scheme acting alone is The functional form of (A.10) implies 1 Յ ␥ 2 Յ 2. ͙ The eigenvector corresponding to ␥ 2 therefore describes a perturbation component whose measure, (A.9), always grows due to this parameterization scheme (unless that component is absent initially). For values of the constants and derivatives in (A.10) that are appropriate for the midtroposphere, ␥ 2 Ͼ 1.2 would not be uncommon. Therefore, significant growth of a norm is possible in a single time step, at least locally.
Since there are both damping and growing SVs for the nonconvective precipitation scheme, it can cause the norms of perturbation fields to either grow or decay. For the determination of leading SVs in the complete model, the components that lead to growth will be favored.
The result that the eigenvalues for (the approximate) Jacobian for this scheme are either 0 or 1 is common to all adjustment schemes that are prescribed using constraints of the forms (A.1)-(A.2). In particular, all constraints that apply to only the adjusted values, as in (A.1), will yield eigenvalues of 0. If, when linearized, these constraints result in n linearly independent constraints on the perturbations, then there will be at least n eigenvalues that are 0. Similarly, all constraints that apply to only the changes between values before and after adjustment, as in (A.2), will yield eigenvalues of 1.
Some adjustment schemes use relaxation. In one form of relaxation, factors describing changes to the fields that are consistent with the adjustment constraints are computed [e.g., ⌬q ϭ q a Ϫ q b and ⌬T ϭ T a Ϫ T b consistent with (A.1) and (A.2)]. Then, prior to being added to the before-adjustment fields, they are multiplied by a relaxation coefficient r, 0 Ͻ r Ͻ 1. If the fields are denoted by the vector x, the unrelaxed scheme may be expressed as If is an eigenvalue of I ϩ L, then 1 ϩ r( Ϫ 1) is an eigenvalue of I ϩ rL. For adjustment schemes with the type of constraints expressed by (A.1) and (A.2), the eigenvalues for the relaxed version of the scheme are therefore 1 (corresponding to 2 ϭ 1) and 1 Ϫ r (corresponding to 1 ϭ 0). The relaxation still preserves constraints such as (A.2) but replaces the filtering produced by constraints of the form (A.1) by a damping toward that constraint. The dry convection in MAMS2 is modeled as an unrelaxed adjustment (using linear constraints), so it yields n eigenvalues of 0 and one of 1, where n ϩ 1 is the number of model levels adjusted. The moist convection acts like a relaxed adjustment, although it is not formulated precisely as such. Also, since its relaxation coefficients are depth dependent, it is not of the form (A.12). Even so, it is enough like a relaxed adjustment scheme that its eigenvalues are dominated by positive real values, ranging between 0 and slightly more than 1. This does not imply, however, that its singular values cannot be significantly larger than 1 as for the nonconvective precipitation.
